Introduction
The photosensitivity o f the m ononuclear half sandwich com pound CpM n(C O )3 is well known [1] and photosubstitution of a single CO ligand has led to a large number o f [CpM n(CO)2] derivatives [1] [2] [3] . However, the photoreactivity of the cor responding binuclear halfsandwich analogues, fulvalene hexacarbonyl dimanganese (1) and bis(cyclopentadienyl)methane hexacarbonyl di manganese (3), have received far less attention; the chemistry of the hom ologous dirhenium complex-* Reprint requests to Prof. Dr. M. Herberhold.
Abbreviations: Cp = cyclopentadienyl, ^5-C5H5; Cp' = methylcyclopentadienyl, ?75-C5H4C H 3; Cp* = pentamethylcyclopentadienyl, ^5-C 5M e5; M e = methyl, C H 3; thf = tetrahydrofuran, OC4H 8; tht = tetrahydrothio phene, SC4H 8.
Verlag der Z eitschrift für N a tu rfo rsch u n g , D-W -7400 T übingen 0 932-0 7 7 6 /9 3 /0 2 0 0 -0 1 6 1 /$ 01.00/0 es (2 and 4) is practically unexplored. In a basic case study, W. A. Herrm ann and coworkers [4] have shown that photolysis o f 1 in benzene solu tion in the presence of potential two-electron li gands may give either mono-or disubstituted de rivatives, (CO) 3: M = Mn [11, 12] 4: M = Re [13] We have now studied the photo-induced reac tions of the binuclear hexacarbonyl dimetal com- 162________M . H crbcrhold et al. ■ Binuclear Fulvalene and B is(cyclopentadienyl)m ethane H alfsandw ich C om plexes plexes 1 -4 with a cyclic thioether, tetrahydrothiophene (tht), which may act as either a terminal two-electron or a bridging four-electron ligand. The following products ( l a -c , 2a, 3 a -c and 4a) were isolated and characterized by spectroscopic methods. In addition, an X-ray structure deter m ination was carried out for the tht-bridged fulvalene com pound {(CO)2M n[C5H 4-C 5H 4]Mn(CO)2} (ju-tht) (lb). The yellow fulvalene complex (CO)3M n[C5H 4-C 5H 4]M n(CO)3 (1) was obtained by lithiation of CpM n(CO )3 (5-15 g) in thf solu tion, followed by oxidative coupling of the organolithium intermediate, (CO)3M n(C 5H4Li), using ex cess CuCl2, as originally described by Nesmeyanov et al. [6 b] and later improved by Herrm ann et al. [4] , The yields are in the range of 70 -9 0 % , and the procedure can be similarly applied to the synthesis of the rhenium analogue 2.
The yellow bis(cyclopentadienyl)methane com plex (CO)3M n[C5H4-C H 2-C 5H 4]Mn(CO)3 (3) was prepared by the reaction of [C5H4-C H 2-C 5H4]T12 with M n(CO)5Br, as described [12] . Yields up to 90% were reached, and again the corresponding dirhenium complex (CO)3Re[C5H 4-C H 2-C 5H4]Re(CO)3 (4) is accessi ble by the same route.
Instrumentation
Photoreactions: High-pressure mercury arc, TQ 718, 700 W (Heraeus, Original Hanau). -IR spectroscopy: Perkin Elmer, 983G. -'H and ,3C N M R spectroscopy: Jeol FX 90Q and Bruker AC 300.
Mass spectrometry: Varian, M AT C H 7 (ionis. energy 70 eV). -X-ray struc ture analysis: Nicolet R 3m .
A yellow solution containing 300 mg (0.74 mmol) 1 in 200 ml tetrahydrofuran (thf) was photolyzed for 45 min. Evolution of CO occurred and the solution turned wine-red due to formation of solvent complexes [(C5H 4)2]M n2(CO)6_;c(thOv (x = 1.2). Tetrahydrothiophene (0.7 ml, 8 mmol) was added and the solution was stirred for 5 h at room temperature. The orange solution was then brought to dryness and the com ponents of the resi due separated by column chrom atography over silica (Merck silicagel 60, 60-200//). Elution with hexane/toluene (2:1) gave unreacted 1. With hex ane/toluene (1:1) a red-orange zone developed which contained both la and lb. While a satisfac tory separation of the two complexes by chrom a tography using various solvent mixtures could not be achieved, recrystallization from C H 2Cl2/pentane (1:2) gave a mixture of crystals of la (orange) and lb (dark-red) which could be selected by hand. la: yield 50 mg (15%), m .p. 
As described under a), a solution of 220 mg (0.52 mmol) 3 was photolyzed and then treated with tetrahydrothiophene (tht). Chrom atographic work-up using C H 2Cl2/hexane (1:1) for elution gave an orange zone containing a mixture of 3 a and 3 b, followed by a light-orange band contain ing exclusively 3 b. Repeated chrom atography of the mixture did not lead to analytically pure 3 a. 3a: orange oil, yield 90 mg (36%). 
The tht-bridged complexes lb and 3b are the only products if the hexacarbonyl dimanganese educts 1 and 3 (ca. 0.5 mmol) are irradiated in ben zene solution in the presence of a tenfold m olar ex cess o f tht until the Aj carbonyl stretching absorp tion o f the starting com pound, 1 or 3, has disap peared in the infrared spectrum (ca. 2 h). The yields o f lb and 3b are around 70%.
A yellow tetrahydrothiophene (tht) solution (50 ml) containing either 234 mg (0.57 mmol) 1 or 212 mg (0.50 mmol) 3, respectively, was irradiated until the infrared absorption at 2014 cm "1 (A,) had disappeared (ca. 3 h). The solvent tht was then re moved under high vacuum and the remaining or ange oil chrom atographed on silica, lc was eluted with C H 2Cl2/hexane (2:1); 3c was isolated using C H 2Cl2/hexane (3:1), but remained oily and con tam inated with traces of 3 b.
1 c: orange needles (from C H 2Cl2/pentane (1:2)), m .p. 148-149 °C, yield 175 mg (58%); 3c: orange oil, yield 145 mg (54%).
e) (C O )3R e[C 5H 4-C 5H 4]R e (C O )2(tht) (2a) and ( CO) 3R e[C 5H 4-C H 2~C 5H 4]R e (C O )2(tht) (4a)
A quartz Schlenk tube was used for the photo lysis o f solutions containing either 214 mg (0.32 mmol) 2 or 218 mg (0.32 mmol) 4 in 200 ml tetrahydrofuran. In the course of the irradiation (2 h), the light-yellow solution turned to a yellow ish-green colour. Following addition of 0.3 ml (3.4 mmol) tht, the solutions were stirred over night (no colour change). The solvent was re moved under vacuum and the yellow-brown resi due purified by column chrom atography over sili ca. The desired products, 2 a and 4 a, respectively, were eluted using C H 2Cl2/hexane (2:1) and recrys tallized from C H 2Cl2/pentane (1:2 4a: golden-yellow crystals, m. p. 9 8 -9 9 °C, yield 60 mg (25%).
f ) (C O )3Re[C 5H 4-C 5H 4]R e(C O ) (SC H 3) 2 (5)
A solution of 202 mg (0.30 mmol) 2 in 150 ml tetrahydrofuran was irradiated for 2 h in a quartz vessel. The yellowish-green solution was then stirred over night in the presence of 0.2 ml (2.25 mmol) dimethyl disulfane, S2(C H 3)2. In the course o f the chrom atographic work-up, a violet zone containing the product 5 was eluted with CH 2Cl2/hexane (1:1).
5: small red-violet crystals (from C H 2Cl2/pentane (1:1)), yield 40 mg (19%).
Crystal structure determination fo r {(C O )2M n[C 5H4-C 5H 4]M n(C O ) 2}(p-SC 4H8) (1 b)
Crystal, data collection and refinement param e ters are collected in Table I . A well formed crystal of lb, grown from C H 2Cl2/pentane (1:2), was mounted on a fine glass fiber with epoxy cement. The unit cell param eters were determined from the least squares fit of 25 reflections (20° < 2S < 25°). Preliminary photographic characterizations showed 2/m Laue symmetry, and the systematic absences in the diffraction data uniquely estab lished the space group as P2 Jc. An absorption correction was not applied (low //, well shaped crystal, Tmax/T min = 1.084).
The structure was solved by direct methods which located the Mn atoms. The remaining non hydrogen atom s were all located through subse quent least squares and difference Fourier synthe ses. All hydrogen atoms were included as idealized isotropic contributions (dCH = 0.960 Ä, U = 1.2 U for attached C). All non-hydrogen atom s were refined with anisotropic thermal parameters. Table II 
Results and Discussion
The versatility of tetrahydrothiophene (tetramethylene sulfide, tht) as both a terminal and a bridging ligand makes it a good model ligand for the reaction with carbonylm etal fragments. Fol lowing the preparation of the first tht complex, M o(CO)3(tht)3 [14] , num erous tht derivatives of carbonylm etal complexes were described. Typical examples containing terminal tht (two-electron) ligands are CpM (CO )3(tht) (M = V [15] , N b and Ta [16] ), M (CO)s(tht) (M = Cr [17] , M o [17] and W [17, 18] ), M 2(CO)9(tht) (M = Mn and Re [19] ), CpM n(CO)2(tht) [20, 21] , Cp*M n(CO)2(tht) [22] , CpRe(CO)2(tht) and Cp*Re(CO)2(tht) [22] , Re2(CO)6(tht)2Cu-Cl)2 [23] , [Re(CO)5(tht)]BF4 [24] , Fe(CO)4(tht) [17] and Fe(OEP)(CO)(tht) (OEP = octaethyl-porphyrin) [25] . Binuclear carbonylmetal com pounds with bridging tht (four-electron) [28] and Fe3(CO)g(//-tht)2 [29] . The photo-induced substitution o f one or two carbonyl ligands in the binuclear manganese com- plexes 1 and 3 has been investigated in three differ ent solvents:
Irradiation of 1 and 3 in tetrahydrofuran (thf) solution results in displacement o f one or two CO groups and leads initially to thf-stabilized interm e diates which may contain either one or two vacant ligand positions, scantily occupied by the solvent thf:
The labile thf-containing intermediates react in the dark in thf solution with tetrahydrothiophene (tht) or other two-electron donors \cf. 4], The m o nosubstituted compounds (L = thf, L' = CO) are converted to complexes with a terminal tht ligand (la and 3a), the disubstituted (L = L' = thf) react to give the tht-bridged products (lb and 3b). The relative amount of the tht-bridged com pounds in creases if the irradiation time is extended. Products containing two tht ligands were not observed. The complexes la and 3a correspond essentially to the m ononuclear analogue, CpM n(CO)2(tht) [20, 21] .
Irradiation of 1 and 3 in benzene solution in the presence of the ligand tht leads to the exclusive for m ation of the tht-bridged products, lb and 3b, re spectively.
Irradiation of 1 and 3 in neat tetrahydrothiophene produces the disubstituted derivatives, lc and 3 c, respectively, in addition to traces of the tht-bridged complexes lb and 3 b.
The photolysis of the binuclear rhenium com plexes (CO)3Re[C5H4(CH2)"C5H4]Re(CO)3 (n = 0 (2) and n = 1 (4)) proceeds more slowly and less completely in thf solution than that o f the corre sponding manganese compounds, even in quartz vessels. Only the m onosubstituted derivatives, 2 a and 4a , respectively, were isolated. The m ono nuclear analogues, CpRe(CO)2(tht) and Cp*Re(CO)2(tht), have been studied in solution [22] .
The formation of binuclear rhenium complexes with a bridging tht ligand was not observed. No reaction took place upon irradiation o f either 2 or 4 in benzene solution in the presence of tht. P hoto lysis o f 4 in neat tetrahydrothiophene (tht) gave es sentially the m onosubstituted derivative 4 a, al though the El mass spectra and the !H and 13C N M R spectra indicated the presence of the disub stituted product 4c. It is remarkable in this context that the reaction of Re2(CO)10 in boiling tht (b.p. 119 °C) was reported [19] to lead only to the m ono substituted derivative, (CO)5R e-R e(C O )4(tht), while the corresponding reaction o f M n2(CO )10 gave both (CO)5M n -M n (C O )4(tht) and the thtbridged com pound [(CO)4M n -M n (C O )4](//-tht) [19] .
In addition to tetrahydrothiophene, SC4H 8, the potential ligand dimethyl disulfane, C H 3SSCH3, was reacted with the thf-stabilized photodecarbonylation products of 1 -4 . A special reaction took place in the case o f the fulvalene rhenium complex 2, where a bis(methylthiolato) derivative (5) was formed which contains an intact cyclopentadienyl tricarbonylrhenium moiety:
, Re U nder com parable conditions, no analogous reaction could be observed with the thf-containing derivatives o f the manganese complexes 1 and 3, nor with those of the bis(cyclopentadienyl)-m ethane com pound of rhenium, 4. However, Cp*Re(CO)2(thf) -but not CpRe(CO)2(thf) -reacts similarly to give the monocarbonyl Cp*Re(CO)(SCH3)2, for which an X-Ray struc ture analysis is available [30] .
Spectroscopic characterization
Table III contains the CO stretching frequencies for all binuclear fulvalene and bis(cyclopentadienyl)methane complexes including the thf-con taining intermediates and some related m ononu clear cyclopentadienyl compounds. The relevant !H and I3C N M R data are collected in Tables IV  and V. The patterns of the CO stretching absorptions clearly correspond to a tricarbonylmetal group (A, + E) in the parent complexes 1 -4 , and to a dicarbonylm etal group (A, + B) in the disubstituted tht-derivatives lc and 3c. In the cases of the thfintermediates and of the m onosubstituted thtcom pounds l a -4 a, the carbonyl pattern is a su perposition of individual tricarbonyl-and dicarbonylmetal units. In particular, the strong band at 1925 ± 5 c m '1 includes both the E mode of the tricarbonyl-and the A, mode of the dicarbonylmetal group. In lb and 3 b the tht bridge induces intra molecular interaction of all four carbonyl ligands; in toluene solution, the very intense absorption of 3b in thf at 1875 c m '1 (c/. Table III) splits into two separate bands. The bis(methylthiolato) complex 5 can again be considered as composed of two differ ent parts: a tricarbonylrhenium and a monocarbonylrhenium moiety. The CO stretching absorp- tion of the single CO group appears at 1903 cm 1 (c f Table III) .
The 'H and 13C N M R spectra of the fulvalene (Table IV) and the bis(cyclopentadienyl)methane complexes (Table V) meet with expectation. The a-protons of tetrahydrothiophene (tht) are clearly more influenced by sulfur complexation than the /?-protons. A downfield shift of the a-protons is only observed in the case of the tht-bridged com pounds. In the 13C N M R spectra, the signals due to the a-carbons of tht are considerably shifted downfield as a result of complexation through the lone pair(s) of the sulfur atom , whereas the /7-carbons only respond to coordination by a tiny Table V . 'H and 13C N M R spectra o f the bis(cyclopentadienyl)methane complexes in C6D 6 solution.
Compound 'H NMR (<5 values)
Ring system C5H4 CH2 upfield shift. In general, a single l3C resonance is observed for the carbonyl ligands, except in the case of the m onosubstituted tht complexes la-4a, where two resonances are registered for the 5 CO ligands.
The El mass spectra of all new complexes al ways contain the molecular ion, although in vary ing intensity. The manganese compounds la and 3 a initially lose two CO groups before the tht li gand is eliminated, whereas the corresponding rhenium complexes 2 a and 4 a start to decompose by way o f tht loss prior to decarbonylation. The mass spectra o f the tht-bridged complexes lb and 3b are completely analogous to those which are observed for the m onosubstituted compounds la and 3 a following displacement of the first carbon yl ligand.
Molecular structure o f {(C O )2M n[C 5H 4-C5H 4] M n ( CO) 2} (/i-tht) (lb)
The geometry o f the molecule lb and the num bering system are presented in Fig. 1 ; interatomic distances and bond angles are given in Table VI . Some characteristic structural data of 1, lb and re lated binuclear carbonylmanganese complexes are collected in Table VII for the sake of comparison.
Com pound lb is the second example of a tetrahydrothiophene-bridged carbonylmanganese complex for which an X-ray crystallographic structure determ ination has been carried out, the The bridging tht ligand in lb forces the two manganese centers to the same side ("a s ") of the central fulvalene system, whereas the [Mn(CO)3] groups are on opposite sides (" tram ") of the planar fulvalene in the parent complex, (CO)3M n[C5H 4-C 5H 4]M n(CO)3 (1) [9] . As expect ed, the (nonbonding) M n -M n distance in lb is considerably longer (3.775 Ä) than in 6b which contains a M n -M n bond (2.815(3) Ä) in addition to the tht-bridge [19] . The distances between the manganese atom and the ring center (Mn -CNT) is surprisingly constant (1.77-1.79 Ä) in all com plexes presented in Table VII , and the distance be tween the two ring centers (CNT•••CNT) is also constant (3.88-3.89 A) in the three fulvalene com plexes, (CO)3M n[C5H 4-C 5H 4]Mn(CO)3 (1) and {(CO)2M n[C5H4-C 5H 4]M n(CO)2}(//-L) (L = tht (lb ) and Ph2P(C H 2)PPh2 [4] ). While the two cyclopentadienyl moieties are essentially coplanar in 1 [9] , the planes o f the two rings are slightly inclined to each other by 15.4(2)° in the tht complex lb , al though this deviation from planarity is more pro nounced (65.4°) in the bis(diphenylphosphino)-m ethane complex [4] , The torsion angle of C N T (l), M n(l), S and Mn(2) is 48.8(2)°, and that of M n(l), S, Mn(2) and CNT(2) is 30.3(2)°.
It is rem arkable that all manganese-sulfur bond distances fall into the narrow range between 2.23 and 2.28 Ä, if the thioether ligand has a bridging function (Table VII) , while the distance to the ter minal tht ligand in M n2(CO)9(tht) (6a, 2.388(3) Ä [19] ) is longer. Complexes which contain both ter minal and bridging tht ligands within the same molecule have always shorter m etal-to-sulfur bond distances to the bridging sulfur, as, for example, in [(tht)X2M]2Gu-X)2(/Mht) (X = Br, M = Nb, Ta [34] , X = Cl, M = N b [35] ) and [(tht)Cl3Mo]2(//-S2)(/i-tht) [36] , As expected, the M n -S -M n angle in lb (112.6(1)°) is somewhat smaller than in the open structures of [Cp'M n(CO)2]2(//-SMe2) (125.1(1) [33] ) and [CpM n(CO)2]2(//-SC3H 6) (126,4° [28] ); a considerably smaller M n -S -M n angle (78.3(1)°) is observed for the three-membered ring structure in 6 b. The internal angle at the sulfur atom ( C -S -C ) of the tht ligand in lb (89.7(1)°) and 6b (95.8(5)° [19] ) differs only slightly from the stand ard value of 93.4(5)°, which has been determined by electron diffraction for the free tht molecule [37] . 
